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SUMMARY 
A systematic  water  tunnel  study  was  made  to  determine  the  vortex  breakdown 
characteristics  of 43 strakes,  more  than  half  of  which  were  generated  from  a 
new  analytical  strake  design  method.  The  strakes  were  mounted on  a l/2-scale 
model  of  a  Langley  Research  Center  general  research  fighter  fuselage  mode1  with 
a 44O leading-edge-sweep  trapezoidal  wing. 
This  study  develops,  in  conjunction  with  a  common  wing-body,  a  parametric 
set  of  strake  data  for  use  in  establishing  and  verifying  a  new  strake  design 
procedure.  To  develop  this  parametric  data  base,  several  series  of  isolated 
strakes  were  designed on the  basis  of  a  simplified  approach  which  relates  pre- 
scribed  suction  and  pressure  distributions  in  a  simplified  flow  field  to  plan- 
form  shapes. 
The  resulting  planform  shapes  provided  examples  of  the  effects  of  the  pri- 
mary  design  parameters  of  size,  span,  and  slenderness  on  the  vortex  breakdown 
characteristics.  These  effects  are  analyzed  in  relation  to  the  respective 
strake  leading-edge  suction  distributions.  Included  are  examples  of  the 
effects  of  detailed  strake  planform  shaping  for  strakes  with  the  same  general 
size  and  slenderness.  It  was  concluded  that,  consistent  with  the  design  cri- 
terion,  those  with  leading-edge  suction  distributions  which  increase  more 
rapidly  near,  and  have  a  higher  value t, the  spanwise  tip  of  the  strake  pro- 
duce  a  more  stable  vortex. 
INTRODUCTION 
During  the  development of the F-16 (fig. 1) and  F/A-18  lightweight 
fighters,  certain  strake-wing  combinations  were  found  to  be  of  interest  because 
of  the  following  features: (1) the  ability  to  generate  large  amounts  of  lift 
during  transonic-maneuver  conditions,  and  (2)  the  achievement  of  this  benefit 
with  low  gust  response,  relatively  low  structural  weight,  and  negligible  impact 
on cruise  aerodynamics.  The  first  feature  results  from  the  benefit  of 
separation-induced  vortex  flow on the  strake  as  well  as  the  development  of  a 
favorable  interference  effect on the  wing  through  the  interaction  of  the  strake 
vortex  with  the  wing  flow  field.  The  second  group  of  features  is  associated 
with  the  low  aspect  ratio  and  relatively  small  size  of  the  strake.  The  need 
for  a  strake  or  other  flow  controlling  device on wings  in  the  sweep  range of
these  aircraft  is  well  known  (ref. 1) and  is  illustrated  by  a  typical  separated 
flow  field  over  a  wing-body  at  an  angle  of  attack  of 20°, which  is  shown  in 
figure 2. 
c h a r a c t e r i s t i c s .  T h i s  s i t u a t i o n  is  i l l u s t r a t e d  by t h e  f a c t  t h a t  o v e r  100 s t r ake  
configurat ions were wind-tunnel tested by each company b e f o r e  f i n a l  s e l e c t i o n s  
'were made. 
One of  the l imitat ions encountered in  s t rake performance during maneuver 
i s  assoc ia ted  wi th  vor tex  breakdown.  Recently, a simple a n a l y t i c a l  method has 
been developed which appears t o  o f f e r  some gu idance  fo r  t h i s  a spec t  of t he  
design problem. A d e s c r i p t i o n  o f  t h i s  method  and  an i n i t i a l  a p p l i c a t i o n  t o  
s t rake  des ign  i s  r epor t ed  in  r e fe rence  2 ;  for completeness, the development of 
t he  method is  repeated in  appendix A. To more completely evaluate this method, 
an extensive design and evaluation study w a s  undertaken and i s  r e p o r t e d  i n  t h i s  
paper.  
There a r e  o t h e r  c o n d i t i o n s  a s s o c i a t e d  w i t h  a i r c r a f t  s t a b i l i t y  a n d  asym- 
metric flow which can have profound effects on the capabili ty of an aircraft  to 
comple te ly  u t i l i ze  the  genera ted  s t rake  maneuver l i f t .  The present  s tudy ,  how- 
ever ,  i s  l imited to symmetric flow and uncambered l if t ing surfaces.  
To keep the project manageable,  a simple economical way was sought  to  
s e l e c t  a l imi t ed  se r i e s  o f  s t r akes  from a l a r g e  number of  poss ib le  des igns  for  
fur ther  detai led wind-tunnel  s tudies .  This  series was se l ec t ed  on the  assump- 
t i on  tha t  t hose  s t r akes  which a t ta ined  h igh  angles  of  a t tack  before  vor tex  
breakdown a t  the  wing t r a i l i n g  edge would o f f e r  good performance i n  t h e  wind 
tunnel .  The most convenient way appeared to be the use of a water  tunnel  to  
study the change in vortex breakdown pa t te rns  wi th  angle  of  a t tack  for  bo th  
s t r akes  and wings. 
A l a rge  sys temat ic  se r ies  of  s t rakes  w a s  designed by the  method of  re fer -  
ence 2 to  provide  both  stable and unstable vortex systems through use of a wide 
range of  overal l  geometr ic  considerat ions.  Because of  their  mutual  interest ,  
the  Nor throp  Corpora t ion /Aircraf t  Div is ion  agreed  to  suppor t  these  tes t s  by 
bui ld ing  a 1/2-scale model of a genera l  research  f igh ter  wing-body, bu i ld ing  43 
of  the designed s t rakes ,  and providing the water- tunnel  faci l i ty  and operat ing 
personnel  to  assist the  au tho r s  du r ing  the  t e s t .  
Use of  t rade names o r  names of  manufacturers  in  this  report  does not  con- 
s t i t u t e  an o f f i c i a l  endorsement of such products or  manufac turers ,  e i ther  
expressed or  implied,  by the National Aeronautics and Space Administration. 
This paper reviews the design procedure of reference 2 and presents  the 
r e su l t s  o f  t he  wa te r  t unne l  s tud ie s .  
SYMBOLS AND ABBREVIATIONS 
Dimens iona l  quant i t ies  a re  g iven  in  both  S I  Units and U . S .  Customary Units.  
Measurements and ca l cu la t ions  were made i n  U.S. Customary Units.  
AD ana ly t ica l ly   des igned  
a1 constant  
- 
a cons tan t ,  al/cl 2 
BD breakdown 
b span, c m  ( in . )  
bl cons tan t  
- 
b cons tan t ,  bl/Cl 2 
C cons tan t  ACp s p e c i f i c a t i o n  
CL l i f t  c o e f f i c i e n t ,  
cP loca l  p re s su re  coe f f i c i en t  
Acp(e,n) l i f t i n g   p r e s s u r e   c o e f f i c i e n t  a t  8,q 
CO constant  
C 1  
CS 
cons tan t  
t o t a l  l ead ing -edge  suc t ion  coe f f i c i en t ,  Suct ion 
%'ref 
cT 
CY 
t o t a l  l ead ing -edge  th rus t  coe f f i c i en t ,  a Leading-edge t h r u s t  
%'ref 
twice to t a l  s ide -edge  suc t ion - fo rce  coe f f i c i en t  o f  one  wing panel ,  
2 (Side   force  - .  . = r j  along  side  edge  on  one wing panel )  
%'ref 
. "  ~  
C loca l   hord ,  c m  ( i n .  ) 
- 
C mean aerodynamic  chord, 11.66 cm (4.59 i n . )  
roo t  chord  a long  s ide  of  fuse lage ,  c m  ( i n . )  
cSC = Local suction force/%, cm ( i n .  ) 
Ct t ip  chord  o f  s t r ake ,  cm ( i n . )  
~ ~ ( b / 2 ) ~ ,  = -~  local^ s i d e  f o r c e  
s, 
, c m  ( i n . )  
ED empir ical ly   designed 
e d is tance   a long   s t rake   contour ,  c m  ( in .  ) 
eC t o t a l  c o n t o u r  l e n g t h  of s t r a k e ,  cm ( i n . )  
FY side-edge  force,  N ( lb )  
3 
5J 
h 
K, 
LE 
R 
M 
N 
P 
s, 
Ra 
Rb 
RC 
R.F.  
RS 
r 
S 
Sref 
SS 
s 
- 
s 
T 
U 
ratio of change  in  strake  area to change in AaBD-TE 
ratio  of  change  in I$ to change  in AaBD-m 
leading-edge  vortex  lift  factor 
leading  edge 
exposed  longitudinal  length  of  strake,  cm  (in.) 
Mach  number 
number  of  chordwise  control  points 
polynomial  or 3-D ACp  specification 
coefficient  of  cot(8/2)  lifting  pressure  function, N/m  (lb/ft) 
coefficient of sin(j0)  lifting  pressure  function,  where j = 1 
to N - 1, N/m  (lb/ft) 
free-stream  dynamic  pressure,  N/m2  (lb/ft2) 
ratio of exposed  strake  area  to  wing  reference  area,  Ss/Sref 
exposed  semispan  ratio , @b/2)  /(b/2) w] exp 
related  flow 
slenderness  ratio of exposed  strake, R/(b/2),- 
radius  of  curvature, cm (in.) 
leading-edge  suction  force, N (lb) 
wing  reference  area, m2 (in21 
exposed  strake  area,  m2  (in2) 
leading-edge  thrust  force,  N  (lb) 
free-stream  velocity,  m/sec  (ft/sec) 
4 
VLM vortex  lattice  m thod 
X' distance aft of local leading edge, crn (in.) 
X/(C,)~ nondirnensionalized  chordwise  vortex  breakdown  position 
a angle  ofattack,  deg 
P = 
n spanwise coordinate of strake in fraction of exposed strake semispan 
n" n value where s versus 17 changes slope (see table 11) 
e arc cos(1 - 2(x'/c)), 0 at local leading edge; TT at local trailing 
edge 
AR(n),AR(y) leading-edge sweep angle functions, deg 
At constant  trailing-edge  sweep angle, deg 
3-D three-dimensional 
Subscripts : 
BD breakdown 
exP  exposed 
I lower  surface 
IElX maximum 
S strake 
SI local  str ke 
t  value  at he  leading-edge  tip 
TE trailing  edge 
U upper  s rface 
W wing 
ws wing-strake 
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DISCUSSION OF STRAKE DESIGN  PROCEDURE 
General  Considerations 
Slender  lifting  surfaces  have  reasonably  good  vortex  flow  characteristics 
and  reach  large  angles  of  attack  and  lift  coefficients  before  breakdown  occurs 
ahead  of  the  trailing  edge,  as  demonstrated  by  the  highly  swept  delta  wing 
(ref. 3). However,  there is considerable  evidence  to  suggest  that  for  a  given 
slenderness  ratio Rs = R/(b/2)exp,  detailed  shaping  of  the  planform  can  pro- 
vide  additional  angle-of-attack  capability. It is the  purpose  of  this  section 
of  the  paper  to  outline  the  present  approach t   this  design  problem. 
The  onset  of  vortex  breakdown  ahead  of  the  trailing  edge  has  been  found  to 
be  directly  related  to  the  angle  of  attack  at  which C L , ~ ~ ~  is  developed  for 
many  wings. As shown  in  sketch  (a)  for  a 70° delta  wing,  vortex  breakdown  gen- 
erally  occurs  in  the  vicinity  of  the 
trailing  edge  at  angles  of  attack  where 
the  lift  coefficients  begin  to  depart 
from  the  vortex  lift  theory.  This  cor- 
relation  is  further  documented  in  ref- 
erence 3 for  other  slender  delta  wings 
having f l g  > 70°. 
- - - Potential  theory 
”- Potential + LE vortex  lift - Data  (ref. 3) 
1.6 
1.4 
“isolated”  strake  characteristics  do 1.2 
not  necessarily  define  the  relative 
effectiveness  of  a  strake-wing  combina- 
1.0 
tion.  Nevertheless,  in  order  to  make CL . a  
this  initial  design  study  more  amenable 
to  a  theoretical  approach,  only  iso- .6 
lated  strakes  were  considered.  Itwas -4 
assumed  that  if  the  vortex  breakdown 
could be delayed on the isolated strake, .2 
then  it  might  also  be  delayed  €or  the 
strake-wing  comb ation.  Therefore, 0 20 40 60 
once  a  series  of  strakes  has  been 
designed  and  tested incombination  with a ,  deg 
a  wing,  the  experimental  data  can  be 
analyzed  with theaid  ofstrake-wing  Sketch  (a)
analysis  theory,  such  as  the VLM code 
(refs. 4 anc? 5 ) ,  to  provide  additional  information  which  may  be  used  for  fur- 
ther  refinement  of  the  design  process. 
It is  recognized,  of  course,  that 
Strake  Design  Criterion 
This  section  describes  one  criterion  used  in  an  attempt to design  better 
strake  shapes.  The  criterion  is  based on an  observation  that  those  delta 
wings  which  develop  leading-edge  suction  distributions  in  three-dimensional 
attached flow,  which  are  more  triangular,  and  which  reach  a  higher  peak  near 
the  tip,  tend  to  maintain  vortex  stability  to  higher  angles  of  attack. 
6 
Reference 6 first  cited  these  characteris- 
tics,  and  sketch  (b)  shows  the  effect  of 
increasing  sweep on both  suction  peak 
and  agD-TE.  Similar  effects  were  noted 
for  cropped  planforms in reference 7. 
The  manner  in  which  the  criterion  is 
to  be  used  in  determining  these  better 
strake  shapes  follows. 
Description  of  Method- 
Other  Assumptions 
. . ~ ~ ~ ~  
If  it  is  assumed  that  the  preceding 
observations  with  regard  to  the  possible 
relationships  between  the  attached  flow 
U + Ag = 760 
10 
8 
6 
S 
4 
2 
0 - 2  - 4  .6 .8 1.0 
- 
leading-edge  suction  distribution  and ' I  
vortex  stability  arevalid ancanbe  Sk tch (b)
extended  to  strake-wing  combinations,  then 
it  may  be  possible  to  use  the  breakdown  criterion  in  a  strake  design  method. 
The  primary  purpose  of  this  study  is  to  develop,  in  conjunction  with  a  common 
wing-body,  a  parametric  set  of  strake  data  which  would  be  useful  in  estab- 
lishing  and  verifying  a  design  procedure  based on the  suction  distribution  con- 
cept.  To  develop  this  parametric  data  base,  several  series  of  isolated  strakes 
were  designed on the  basis  of  a  simplified  approach  which  provided  an  analytical 
method  of  defining  planform  shapes.  This  method  (developed  in  ref. 2 and  des- 
cribed  in  appendix A) relates  planform  shapes  to  prescribed  suction  distribu- 
tions  in  a  simplified  flow  field  that  is  related  to  three-dimensional (3-D) 
flow  through  certain  assumptions  listed  in  figure 3 and  is  called  related  flow 
(R.F.). 
Variables 
A  FORTRAN  coded  version  of  the  design  method  is  used  to  generate  strake 
planform  geometries  by  solving  an  initial  value  problem,  where  the  local 
leading-edge  sweep  angles  are  determined  iteratively  from  equation (A2). Itera- 
tions  are  made  over  the  entire  span  until  a  root  chord  is  determined  which  sat- 
isfies  the  tip  chord  specified  value.  (It  was  determined  later  that  the  solu- 
tion  could  be  made  from  the  tip  inboard  with  no  iteration.)  The  designer  must 
prescribe  a  leading-edge  suction  distribution;  a  spanwise  ACp  distribution, 
which  in  essence  specifies  the  kind  of  flow;  a  semispan a  tip  chord ct; 
a  trailing-edge  sweep  angle  At;  and  a  subcritical  Mach  number M.2' 
The  design  code  can  be  executed  using  either  a  constant  or  a  polynomial 
spanwise distribution description, as discussed in a subsequent section. 
Each  is  speclfied  to  occur  at  either  a  constant xl/c or  a  constant Ax' from 
the  leading  edge.  (The  examples  employed  in  this  study  use  only  a  con- 
stant x'/c  specification.) The  leading-edge  suction  distribution  can  be 
7 
defined  either  by  two  linear  segments or by  a  more  generalized  three-dimensional 
distribution. 
For  this  investigation  the  prescribed  suction  distributions  were  carefully 
selected  to  yield  an  appropriate  range  of  three-dimensional  flow  possibilities. 
Although  the  method  used  does  not  accurately  establish  the  actual  three- 
dimensional  suction  distribution,  it  does  provide  a  convenient  method of estab- 
lishing  strake  shapes  which  form  a  parametric  data  base  that  is  related,  within 
the  assumptions  made,  to  the  generating  suction  distributions.  Comparisons  are 
also  made  with  the  prescribed  and  three-dimensional  suction  distributions  to 
check  the  validity  of  this  method. 
It is  interesting  to  note,  as  shown  in  figure 4, how  the  prescribed s-r) 
distribution in the  related  flow  is  reasonably  well  reproduced  by s-1) for  the 
strake-wing-body  configuration  in  three-dimensional  flow  over  the  inboard 
region  of  the  strake.  Outboard  on  the  strake,  the  wing  upwash  due  to  the 
strake-wing  juncture  leads  to  suction  levels  which  exceed  the  prescribed  level. 
However,  the  preceding  discussion  does  tend  to  substantiate  one  of  the  assump- 
tions  employed  in  this  method. 
Prescribed s-r) distribution"  As  previously  described,  the  prescribed 
suction  distribution  has  an  effect on the  resulting  strake  shape.  For  example, 
in  reference 2 the s-n distribution  for  the 76O delta  wing  in  a  three- 
dimensional  flow,  when  used  in  the  design  procedure  based on related  flow, 
leads  to  a  gothic  shape  (shown  in  fig. 4). This  difference  in  shape  is  not 
surprising  when  the  consequences of the  flow  and  loading  assumptions  are  con- 
sidered  (i.e.,  three  dimensional  as  opposed to  a  constant Acp distribution) . 
Wind-tunnel  tests  of  the  gothic  strake  in  combination  with  a  wing-body  showed 
it to  reach  a  high  angle  of  attack  before  vortex  breakdown  occurred. 
The  successful  test,  however,  raised  a  question  concerning  this  strake  and 
the  strake  design  criterion:  Was  the  stable  condition  of  the  strake  vortex  up 
to  high  angles  of  attack  due  to  the  particular  suction  distribution  chosen,  and 
if so, was  it  the  high  inboard  slope r the  high  tip  suction  peak  that  was  more 
beneficial?  The  answer  to  this  question  is  but  one  of  several  which  are 
interrelated,  tied  up  in  the  strake  geometry,  and  addressed  herein.  In  this 
study,  the  original  suction  distribution  (sketch  (c)) 
was  perturbed  to  gain  an  understanding  of  which  span- 
wise region, inboard or outboard, is more important. 50 
In  addition,  other s-T) variations  were  prescribed 
including  some  that  tended  to  violate  the  criterion 
set  forth.  In all, some 13 groups  of  suction  dis- 
tributions  were  prescribed  and  are  shown  in  the 
sketches  (d)  to  (f) . Each  sketch  is  followed  by  a 
brief description of the salient features of the ;1/ 
group  portrayed.  (The  heavy  lines  indicate  selected 0 - 6 5  1 
strake  design  distributions.) rl 
In sketch (d), the outboard part of the pre- Sketch (c) 
scribed  group 1 suction  distribution  is  varied  while 
the  inboard  part  remains  fixed.  In  group 2, the  inboard  part  is  varied  while 
8 
l:M, Group 1 
0 -65  1 
rl 
100 
S 
loo I Group 2 loo I Group 3 
0 .65 1 
rl 
Group 4 
0 .65 1 
n 
Group 5 
0 .65 1 0 1 
rl rl 
Sketch  (d) 
the  outboard  par t  i s  held fixed. In group 3 ,  t he  inne r  par t  i s  t r a n s l a t e d  
ve r t i ca l ly ,  and  the  ou te r  s lope  i s  v a r i e d  t o  keep the suction continuous.  In 
group 4 ,  t h e  o u t e r  p a r t  is  t r a n s l a t e d  v e r t i c a l l y ,  and the  inne r  s lope  i s  var ied  
t o  keep  the  suc t ion  d is t r ibu t ion  cont inuous .  In  group 5,  t h e  segment  break- 
po in t  i s  var ied  whi le  ho ld ing  the  two extrema1 values  and the s lope of  the 
i n i t i a l  d i s t r i b u t i o n  c o n s t a n t .  
Groups 6 ,  7 ,  and 8 use  s imple  ve r t i ca l  t r ans l a t ions  from an i n i t i a l  d i s -  
t r i b u t i o n ,  as i l l u s t r a t e d  i n  s k e t c h  ( e ) .  In  group  6,  a s i n g l e  segmented  curve 
100 
S 
0 
Group 6 
/, 1 0 -65  1 0 .65 1 
11 rl  rl 
0 rl 1 2;k 0 .65 1 
rl 
Sketch (e) 
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is  employed  with  positive  slope.  In  group 7, a  two-segmented  curve  is  used 
with  both  parts  having  a  positive  slope.  In  group 8, a  two-segmented  curve  is 
utilized  with  the  inboard  and  outboard  parts  having  negative  and  positive 
slopes,  respectively.  In  group 9, the  slope of a  single  segment  curve  is 
varied  while  holding  the  inboard  extremal  value  constant.  Group 10 is  similar 
to  group 8, but  the  magnitudes  of  the  slopes  are  decreased. As a  limiting 
case,  the  lowest  curve  in  group 10 is  allowed  to  reach  zero  at  the  tip 11 = 1. 
Sketch  (f)  shows  the  remaining  suction  groups  that  were  considered.  In 
group 11, the  outboard  part  is  varied  while  fixing  the  inboard  part  with  a 
negative  slope.  In  group  12,  the  two  extremal  values  are  held  constant,  the 
outer  being  larger  than  the  inner,  while  the  path  between  the  two  points  is 
varied. In  group 13, the  two  extremal  values  are  held  equal  at  a  constant 
value  while  the  pa-th  of  the  curves  between  them  is  varied. 
Sketch  (f) 
ACn  specification.-  The  chordwise  ACp  distribution is assumed  to  behave 
in  a  c6t(8/2)  manner  aft  of  the  local  leading  edge.  This  assumption  leaves 
only  the  spanwise  variation  for  treatment.  In  reference 2, Ac, is  specified 
to  be  constant  along  constant  values  of  x’/c  near  the  leading  edge.  Even  for 
the  first  application  made  using  this  variation  of  AcP,  it  was  noted  (ref.  2) 
that  other AC, forms near  the  leading  edge  could  be  used  (sketch (9)); a 
three-dimensional  or  polynomial 
form  was  specifically  noted.  The 
idea  was  that  if  a  more  represen- 
tative Ac, variation  was  used, 
then  the  resulting  strake  shape 
would  have  more  of  the  three- 
dimensional  fl w  featuresin  ts Ac LCp I ) 
solution  and  perhaps  be  a  better 
strake.  The  first  attempt  to 
verify  this  idea  employed  the 
three-dimensional AC, distri- 0 1 0 1 
bution  for  a  76O  delta  wing  near rl n 
Polynomial 
P 
the  leading  edge  which  had  the 
€0 rm Sketch (9) 
AC, = 0.20817 1 + ( 1.01 - ?-I 
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and i ts  corresponding s-T-l d i s t r ibu t ion .   Th i s  ACP form 
is  called  polynomial  herein.   Both  the s-Q and AC d i s -  
t r i b u t i o n s  were  obtained  from  the VLM ( r e f s .  4 and 57.  The 
resul t ing shape w a s  c lo se  t o  t h a t  of t h e  76O d e l t a  wing 
used as i n p u t  t o  t h e  VLM ( ske tch  (h) )  and  served  to  val i -  
da t e  the  idea .  
Both the constant  and polynomial  pressure dis t r ibu-  
t i o n s  were used to  generate  the s t rake shapes which are 
d i scussed  in  a subsequent section of the paper.  
" Ch-arac te r i s t ics  . "  ~- ~ ~ . ~ ~ . .  of   the  Solut ion 
Or ig ina l  
d e l t a  
I \\ 
I '\ 
It would be  advantageous t o  know  why c e r t a i n   s t r a k e  I .A 
shapes  are   generated by the   des ign   procedure   for   ce ta in  \ 
s-TI and ACp d i s t r ibu t ions .   In   pa r t i cu la r ,   t he   des igne r  
should have some fee l ing  fo r  t he  type  o f  s t r ake  shape  to  
expect from the  procedure  for   those s-Q d i s t r i b u t i o n s  
which meet t h e  d e s i g n  c r i t e r i o n  s t a t e d  i n  a previous sec- 
t ion.  Therefore ,  an analyt ical  s tudy of  the basic  s t rake design equat ion was 
performed to  provide  some understanding of the nature of the solution. Refer- 
ence 8 p resen t s  an  ana ly t i ca l  so lu t ion  to  the  des ign  equa t ion  fo r  which a con- 
s t a n t  /\,Cp d i s t r i b u t i o n  i s  assumed. A l s o  included i s  an  order-of-magnitude 
ana lys i s  of  the solut ion which i s  usefu l  in  i so la t ing  the  dominant  terms. 
"-1 
Sketch (h) 
The order-of-magnitude analysis reveals that  the leading-edge sweep angle 
t ends   t o   i nc rease   l oga r i thmica l ly   i n   t he   spanwise   d i r ec t ion   fo r   t hose  s-Q d i s -  
t r i b u t i o n s  which  meet the  des ign  c r i te r ion .  Therefore ,  in  te rms  of  the  pre-  
ceding  spec i f ica t ions ,  the  des igner  can  an t ic ipa te  a gothic-shaped s t rake to  
r e s u l t  from the design procedure.  
STRAKE SHAPES S T U D I E D  
.~~ 
Basis fo r  Se lec t ion  
From the  method jus t  descr ibed ,  over  200 s t rake shapes were analyt ical ly  
designed ( A D ) ,  and 24 of these were of s u f f i c i e n t  i n t e r e s t  o r  were unique 
enough to  war ran t  t e s t ing .  Of t h e  24 s tud ied ,  1 2  (AD 1 t o  AD 1 2 )  had r e f l e x i v e  
leading edges, and 1 2  (AD 1 3  t o  AD 24)  were gothic (shown i n  f i g s .  5 (a) 
and 5 ( b ) ) .  The ones selected for  s tudy were those which could help the 
des igner  answer  ques t ions  re la t ive  to  (1) t he  impor t ance  o f  t he  in i t i a l  
leading-edge sweep angle (values of 46.2O t o  83.8O were chosen) ,  ( 2 )  t h e  e f f e c t  
o f   s l ende rness   r a t io  Rs (values  from  3.0 t o  10.7 were se l ec t ed )  , ( 3 )  t h e  r a t i o  
of exposed strake area to wing reference area Ra, and (4 )  t h e  v e r s a t i l i t y  and 
usabili ty  of  the  design  code.  Furthermore,  18 empir ica l ly  des igned  s t rakes  
(ED) , var i a t ions  o f  t he  bas i c  AD 24 s t r a k e ,  were t e s t e d  (shown i n   f i g .  5 (c) ) . 
These s t r akes  were s tud ied  to  answer  ques t ions  r e l a t ed  to  ob ta in ing  l eve l s  o f  
performance comparable  with those of  the large analyt ical ly  designed Strakes,  
bu t  wi th  a smaller chord. Some of  the  chord  a l te ra t ions  were obtained by 
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scaling  (ED 12 and  ED 13) and  some  by  adding  trailing-edge  area  (ED 16 
to ED 18); others  were  obtained  by  cutting  along  the  inboard  edge  (ED 9 
to  ED  ll),  the  apex  region  (ED 1 to  ED  4),  and  the  trailing-edge  region  (ED 5
to ED 8). Snags  (ED 14 and ED 15) were  even  added  to  the  smallest  scaled 
strake  (ED 13) to change  its  chord  variation  and  perhaps  its  effectiveness.  In 
this  paper,  the  prescribed  strake  designations  refer  to  their  respective 
strake-wing  configurations. 
Analytically  Designed ~" Strakes " . .~ (AD _ -  . .~. Series) ~ 
Pertinent  geometric  properties  for  the  analytically  designed  strakes  pre- 
viously  mentioned  are  listed  in  table I; the  input  design  parameters  are  given 
in  table 11. 
The  original  gothic  strake  of  reference  2  is  designated  the  AD  24. 
Strakes AD 22  and AD 23 (shown  in  fig.  5(b))  are  scaled  down  from  the  AD  24  to 
have  the  same  value of Ra  as  Strake I and  Strake I1 of  reference 9, respec- 
tively.  The  remaining  strakes  were  designed to  have  the  same  semispan  as  the 
midsized AD 23  strake  with  the  exception f  the AD 9 strake,  which  was  designed 
to  have  a  smaller  semispan  because  of  its  excessive  length. 
Empirically  Designed  Strakes ~(EDSeries) ~ 
Additional  details  of  the  aforementioned  empirically  designed  strakes  are 
given  in  the  following  subsections.  Table I11 is  used  to  summarize  their 
pertinent  geometric  properties. 
Apex  Cuts 
Strakes  ED 1 to  ED 4 (shown  in  fig.  5(c))  are  formed  by  cutting  the  AD  24 
in  the  chordwise  direction  at  regular  intervals  from  the  apex.  The 60° initial 
sweep  corresponds  to I\g(Tl=O) of  the  AD 24. Strakes  ED  2  and  ED 4 have  the 
same  values  of R, as  the  ED  12  and  ED 13,  respectively. 
Trailing-Edge  Cuts 
Strakes  ED  5  to  ED 8 (shown  in  fig.  5(c))  are  formed  by  cutting  the AD 24 
parallel  to,  and  at  regular  intervals  from,  the  trailing  edge.  Strake  ED 6 
has  approximately  the  same  value  of R, as  the  ED  12. 
Spanwise  Cuts 
Strakes  ED 9 and  ED 11 (shown  in  fig.  5(c)) are formed  by  cutting  the 
AD 24  parallel  to  the  inboard  edge.  Cuts  were  made t 15 percent, 30 percent, 
and 45 percent  of  the  original  semispan,  respectively,  from  the  inboard  edge. 
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Chordwise Scaling 
S t rakes  ED 12 and ED 13 (shown i n  f i g .  5 ( c ) )  were der ived by sca l ing  the  
AD 24 s t r a k e  70 percent and 30 percent r  respec t ive ly ,  in  the  chordwise  d i rec-  
t ion while  holding the semispan constant .  Strake ED 1 2  has  the  same s lender-  
ness  ra t io  as St rake  I11 of reference 9 ,  which i s  shown i n  f i g u r e  6. 
Strake ED 13 i s  an extreme case of small s lenderness  and provides  an addi t ional  
d a t a  p o i n t  f o r  t h e  dependency of vortex breakdown on chordwise scaling. 
Snagged St rakes  
I t  w a s  a n t i c i p a t e d  t h a t  t h e  ED 1 3  would exhib i t  poor  vor tex  breakdown 
cha rac t e r i s t i c s .  In  an  a t t empt  to  improve the  performance  of a s t r ake  wi th  
smal l  s lenderness  ra t io ,  a snag was added t o  t h e  ED 13. The snag was produced 
by a l te r ing  the  chord  d is t r ibu t ion  over  the  inboard  and outboard regions of the 
s t r ake .  Over the inboard region, the chord w a s  reduced  l inear ly  from the  roo t  
t o  the  snag  loca t ion .  Over the  outboard  region,  the  chord was increased 
l i n e a r l y  from t h e  t i p  t o  t h e  s n a g  l o c a t i o n .  
The idea was to  use  the  snag  to  increase  the  loca l  lead ing-edge  sweep 
across  the span and thereby  enable  the  s t rake  to  genera te  a s t ronger  vor tex .  
However, it was ant ic ipated that  the counterrotat ing snag s ide-edge vortex 
could impede the  improved s t rake  vor tex  and  be  de t r imenta l  to  the  overa l l  per -  
formance gains. 
Two snagged  strakes (shown i n  f i g .  5 ( c ) )  were t e s t e d .  The snag on 
s t r ake  ED 1 4  has a spanwise position of 1/3 semispan and a length of 1/8 semi- 
span. The snag on s t r ake  ED 15 has a spanwise posit ion of 2/3  semispan  and a 
length of 1/4 semispan. 
Side-Edge Extension 
In another attempt to improve the ED 1 3  performance, a side-edge extension 
approximately the length of the strake was added, and t h i s  s t r a k e  was desig- 
nated the ED 16. The s ide edge was progress ive ly  shor tened ,  and t h e  r e s u l t i n g  
s e r i e s  of s t r a k e s  (shown i n  f i g .  5 ( c )  ) a r e  i d e n t i f i e d  a s  ED 17  and ED 18. 
Strake I11 
St rake  I11 of  reference 9 (shown i n  f i g .  6 )  w a s  se lec ted  for  water - tunnel  
t e s t i n g  t o  p r o v i d e  a d d i t i o n a l  d a t a  on the influence of geometric parametersr 
such as area, s l e n d e r n e s s  r a t i o ,  and shape, on the  vor tex  breakdown  phenomenon. 
For example, strakes ED 12,  ED 2 ,  and ED 6 were designed t o  have the same s len-  
de rness  r a t io  a s  S t r ake  I11 so t h a t  comparisons could be made f o r  d i f f e r e n t  
s t rake shapes having the same value of Rs. 
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BASIC WING-BODY DESCRIPTION 
The b a s i c  wing-body used w a s  approximately a l /2-scale  model of the gen- 
eral r e s e a r c h  f i g h t e r  model tested extensively in the Langley High-speed 7- 
By 10-Foot Tunnel. A drawing of the water-tunnel configuration along with 
pertinent dimensions is g iven  in  f igu re  7. The 44O swept wing  has a reference 
a s p e c t  r a t i o ,  a t a p e r  r a t i o  , and an area of 2.5, 0.2 , and 0.0258 m (40 i n 2 )  , 
r e spec t ive ly .  A l l  the preceding features are based on the reference wing, 
which includes the area be tween the  lead ing  and  t ra i l ing  edges  pro jec ted  to  the  
model c e n t e r  l i n e .  The wing w a s  t e s t e d  i n  b o t h  f o r e  and a f t  pos i t i ons  
depending on the length of  the s t rake.  
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TEST FACILITY AND PROCEDURE 
The t e s t   f a c i l i t y  used w a s  the Northrop 16- by 24-inch Diagnostic Water 
Tunnel  (shown i n  f i g .  8 ) .  I t  f ea tu res  a c losed return with both horizontal  and 
downward-flow v e r t i c a l  test sec t ions ;  t he  ve r t i ca l  tes t  sec t ion  w a s  used i n  
th i s  s tudy .  F igu re  8 shows a model  mounted i n  t h i s  p o s i t i o n .  The t e s t  condi- 
t i o n s  were a ve loc i ty  of approximately 0.15 m/sec (0 .50  f t / s ec ) ,  a Reynolds 
number I based on c, of approximately 1.76 X l o 4  , and angle-of-attack varia- 
t i o n s  from Oo t o  50°. Reference 1 has shown tha t  for  sharp-edge  de l ta  wipqs ,  
the  Reynolds number e f f e c t s  were no t  s ign i f i can t  fo r  va lues  up t o  1 X lo6, and 
the re fo re ,  t he  r e su l t s  r epor t ed  in  the  p re sen t  s tudy  shou ld  a l so  be  app l i cab le  
up t o  t h i s  Reynolds  number. S ides l ip  cou ld  a l so  be va r i ed  bu t  w a s  set t o  z e r o  
f o r  t h e s e  r e s u l t s .  
- 
The t e s t  p rocedure  w a s  t o  a l i g n  t h e  model so t h a t  a t  both high and low 
angles of attack it produced  symmetrical  strake  vortex  breakdown. Breakdown 
w a s  determined by not ing  the  behavior  of  the  dye  in jec ted  in to  the  s t rake  vor -  
t ex  co re .  When the  dye  t rumpeted  or  exhib i ted  reversa l  o f  d i rec t ion ,  breakdown 
w a s  s a i d  t o  have  occurred.  After symmetry w a s  e s t ab l i shed ,  a w a s  increased 
from loo i n  2 0  increments  un t i l  breakdown occurred  near  the  t ra i l ing  edge;  
t h e r e a f t e r ,  it w a s  i nc reased  in  lo increments .   After   s t rake  vortex breakdown 
occurred  ahead  of  the wing t ra i l ing  edge ,  the  increment  in  a was increased 
t o  2 O .  A t  each 5O increment  a f te r  l o o ,  photographs were taken in  bo th  p l an  
view  and s i d e  view  (with  one  exception) to  r eco rd  the  vo r t ex  pa t t e rns .  With 
the  he lp  o f  s c r ibed  l i nes  on the  wing and s t r ake  su r faces ,  e s t ima tes  were made 
of vortex breakdown pos i t i on .  The results of the photography and breakdown 
es t imat ion  a re  g iven  in  the  next  sec t ion .  
RESULTS AND ANALYSIS 
General Comments ~ " 
It must be kept in mind tha t  t he  fo l lowing  ana lys i s  dea l s  on ly  wi th  the  
vortex breakdown characterist ics,  whereas the actual aerodynamic performance 
can be determined only after wind-tunnel force tests have been performed. In 
f igu res  9 t o  23, both the strake vortex breakdown da ta  for  each  conf igura t ion  
and  sample  top  and  side  view  photographs a t  ci = 20° are presented.  The 
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r e su l t s   a r e   o rgan ized   acco rd ing   t o  (1) the   var ious  s-TI groups  ( f igs .  9 t o  16) 
and (2)  those  obta ined  through empir ica l  var ia t ions  of  the  or ig ina l  go th ic  
s t rake  of  re ference  2 ( f i g s .  17 t o  2 2 ) .  Table I1 lists the  s t rake  des igna t ions  
fo r  t he  ana ly t i ca l ly  des igned  shapes  wi th  the i r  r e spec t ive  da t a  f igu re  numbers 
and a desc r ip t ion  of the corresponding prescr ibed suct ion dis t r ibut ions.  
Data Format and Performance Assessment ___-__ i" ~- -~ 
The breakdown p l o t s  i l l u s t r a t e  t h e  p r o g r e s s i o n  of the nondimensional, 
chordwise  strake  vortex breakdown loca t ion   wi th   angle   o f   a t tack  a.  
Since  the  wing is  the  main l i f t i n g  s u r f a c e ,  t h e  i n t e r a c t i o n  of  the s t rake 
vor tex  f low f ie ld  wi th  the  wing p r e s s u r e  f i e l d  is  of primary interest .  There- 
fore ,   the   chordwise  vortex breakdown pos i t i on  x i s  nondimensionalized 
by ( cr)w  to  make the   resu l t s   d i rec t ly   comparable   over   the  wing.  Vortex 
breakdown over  the  s t rake  is  not  direct ly  comparable  between configurat ions,  
b u t  i t s  absolu te  loca t ion  can  be  observed  in  re la t ion  to  the  genera t ing  s t rake  
shape shown a t  the  r igh t  o f  t he  (b )  pa r t  o f  f i gu res  9 to 23. The l ine codes 
used to  de f ine  the  s t r ake  shapes  in  the  p l an fo rm ske tches  a re  the  same as  those  
used to  connect  the corresponding data  points .  
The corresponding photographs on the facing pages,  the (a) part  of f ig- 
ures  9 t o  23,  reveal  the inf luence of  the wing p res su re  f i e ld  on  the  pa th  o f  
the  vor tex .  The s t rake  vor tex  core  i s  v i s i b l e  as a long heavy line emanating 
from the s t rake apex.  The wing vor t ices  a re  genera l ly  v is ib le  outboard  of  the  
s t rake vort ices .  In  several  of  the top view photographs,  the wing v o r t i c e s  
have  been  enhanced by a g r e a s e  p e n c i l  t o  i n c r e a s e  t h e i r  v i s i b i l i t y .  E f f o r t s  t o  
photograph the top view of the model perpendicular ly  were not always successful.  
Judgment of strake performance 
is  based on (1) the  angle  of  a t tack 
a t  which the s t rake vortex break-  
down crosses  the  wing t r a i l i n g  
edge ( 2 )  t h e   r a t e   a t  which 
the  breakdown progresses forward 
over  the wing once breakdown has 
occurred,   and/or   (3)   the  eff ic iency 
of   the   s t rake   a rea .  A s  shown i n  
sketch (i) , "Be t t e r  s t r akes"  are 
those which have the higher values 
of %D-TE. This   feature  i s  impor- 
tant  because the occurrence of  
vor tex  breakdown over  the  wing is  
r e a l i z e d  as a subsequent loss i n  
l i f t .  Sketch ( j )  i l l u s t r a t e s  t h a t  
once vortex breakdown crosses  the  
wing t r a i l i ng  edge ,  a low rate of 
forward breakdown progression with 
increas ing  a is p re fe rab le .  
This low r a t e  i s  desirable  because 
a more gradual loss i n  wing l i f t  
n -  - a 
"Bet te r  
s t rakes"  
Sketch (i) 
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promotes milder s ta l l  c h a r a c t e r i s t i c s .  
S k e t c h  ( k )  i l l u s t r a t e s  t h a t  i f  t h e  
design approach proposed can produce 
r educ t ions  in  s t r ake  area while main- 
t a i n i n g  t h e  same angle  of a t t a c k  f o r  
vortex breakdown, then a more e f f i -  
c i e n t  s t r a k e  would r e s u l t .  
Effect  of  Major Parameters 
Although the strake design prob- 
~~~ . . . "~ 
lem i s  one of many va r i ab le s ,  t he  
major geometric parameters are area,  
slenderness, semispan, and planform 
shaping. The e f f ec t s   o f   t hese   va r i -  
ables as  we l l  as t h e i r  r e l a t i o n s h i p s  
t o  one a n o t h e r  a r e  i l l u s t r a t e d  i n  
the  fo l lowing  sec t ions .  
Area/Semispan 
A s  po in ted  out  prev ious ly ,  the  
design process used to develop the 
gener ic  fami l ies  of  s t rakes  con- 
s idered  only  the  i so la ted  s t rake .  
However, when these  strakes are com- 
bined with the wing,  the abi l i ty  
o f  t he  s t r ake  vo r t ex  to  pene t r a t e  
the  wing f l o w  f i e l d  i s ,  of course, 
a strong function of the size of 
t h e  s t r a k e  r e l a t i v e  t o  t h e  wing. 
Figure 24 presents the measured 
angle  of  a t tack corresponding to  
vortex breakdown a t   t h e  wing t r a i l i n g  
edge C~BD-TE as a function  of  the 
ra t io  of  exposed  s t rake  a rea  to  wing 
re ference   a rea  Ra f o r  many goth ic  
and reflexive strake-wing combinations. 
I 
Three values 
a re  r ep resen ted  in  f igu re  2 4 ( a )  and a r e  i d e n t i f i e d  by 
sketch ( j )  
Sketch (k) 
of gothic-strake semispan 
the shaded bands for two 
s e t s  and by t h e  s i n g l e  p o i n t ,  AD 2 2 ,  f o r  t h e  t h i r d .  The e f f ec t  o f  a r ea  
on c ~ ~ D - T E  is  seen  to  be  an  expected  one  of  increasing CtBD-TE with 
increasing Ra. This   f igure   es tab l i shes  a f u r t h e r   r e l a t i o n s h i p   f o r   s t r a k e s   o f  
different   semispan.  I n  pa r t i cu la r ,   t he   da t a   fo r   s t r akes   w i th  Rb = 0.212 l i e  
within a band which is  above and has a higher  s lope than a similar band 
bounding  the  data   for   s t rakes   with Rb = 0.297. AS t he  two bands  indicate 
the   e f f ec t   o f   i nc reas ing  Rb a t  a f ixed  value  of  Ra i s  t o  reduce C I B D - ~ .  
This can be better understood when it i s  pu t  i n  t e rms  o f  t he  change i n  s l e n d e r -  
n e s s   r a t i o ;  i . e . ,  increas ing  Rb f o r   f i x e d  Ra g e n e r a l l y   r e s u l t s   i n  a l e s s  
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s l ende r  s t r ake .  Th i s  ea r l i e r  vo r t ex  breakdown associated with reduced slender- 
ness  is  not  surpr i s ing  s ince  such  a trend has been w e l l  e s t a b l i s h e d  f o r  
isolated planforms by p rev ious  r e sea rche r s  ( r e f .  3 ) .  
Figure  24(b) shows t h e  CXBD-TE versus  Ra d a t a   f o r   t h e   r e f l e x i v e  
s t r akes  a t  Rb = 0.212.  J u s t  as no ted  fo r  t he  go th ic  s t r akes ,  t he  r e f l ex ive  
s t r akes  show the  powerfu l  e f fec t  o f  area and the expected t rend of  increasing 
%D-TE with Ra. The d a t a  t e n d  t o  f a l l  i n  a band  and are therefore   p resented  
i n   t h a t  manner. 
The general   t rend  of  CXBD-TE due to   area  and  s lenderness   changes  has  
been i l l u s t r a t e d  i n  f i g u r e  24; d e t a i l e d  r e s u l t s  o f  breakdown progress ion  a re  
presented  in  the  next  th ree  sec t ions .  The f i r s t  d e a l s  w i t h  a r e a  s c a l i n g ,  t h e  
second with s lenderness  var ia t ions,  and the third with leading-edge shaping.  
Area/Leading-Edge Shaping 
Figures 16, 25, and 26 a r e  u s e d  t o  examine t h e  r e l a t i o n s h i p  between area 
and  leading-edge  shaping by assess ing  the i r  impact  on ClBD-TE f o r  a f ixed  
shape, a variable  shape,  and a shape  with Rs k e p t  a t  a constant   value.  
Shape f ixed.-  Figure 16 presents  the  vor tex  breakdown c h a r a c t e r i s t i c s  as 
well  as the prescr ibed and three-dimensional  suct ion dis t r ibut ions for  
t h e  AD 24 ,  AD 23,  and AD 22 s t r a k e s ,  which a r e  of f ixed shape but  scaled in  
s ize .  Regarding breakdown,  the vortex for  a smal le r  s t rake  must pe r s i s t  ove r  
a g r e a t e r  r e l a t i v e  d i s t a n c e  t o  t h e  wing t r a i l i n g  edge and must penetrate 
through a s t ronger  adverse wing p r e s s u r e  g r a d i e n t  r e l a t i v e  t o  i t s  vortex 
s t r eng th  than  tha t  fo r  a l a r g e r  s t r a k e .  Hence, it i s  a n t i c i p a t e d  t h a t  
w i l l  decrease  as  a s t r ake  is sca led  down i n  a r e a ;  t h i s  i s  confirmed by the  
da t a .  
Ano the r  i n t e re s t ing  cha rac t e r i s t i c  o f  t hese  sca l ed  s t r akes  i s  the  manner 
i n  which t h e  breakdown da ta   c ross  X / ( C ~ ) ~  = 1 a t  a = 32O. This  charac- 
t e r i s t i c  i s  r e l a t ed  to  the  iden t i ca l  bu t  s ca l ed  shap ing  o f  t he  s t r ake .  It  i s  
expected that  each of  these s t rakes  would have the  same vortex breakdown 
c h a r a c t e r i s t i c s  i f  t e s t e d  a l o n e  ( w i t h o u t  a wing-body).  Hence,  even i n  t h e  
presence of a wing-body, the s t rakes  behave somewhat as they would when t e s t e d  
a lone ,  w i th  the  d i f f e rences  in  breakdown progression being more r e l a t e d  t o  t h e  
d i f f e r e n c e s  i n  r a t i o  o f  s t r a k e  c h o r d  t o  wing chord. This feature is  f u r t h e r  
evidenced by n o t i n g  t h a t  a t  a = 40°, the  vortex breakdowns occur a t  approxi- 
mately $(c.)~ from the  apex  of   each  respect ive  s t rake.  
The leading-edge   suc t ion   d i s t r ibu t ions  s-q f o r   t h e   s t r a k e s   i n   t h e  two 
assumed  flow f i e l d s  a r e  shown  by t h e  i n s e r t  i n  f i g u r e  16 (b) . The two-segmented 
t rapezoidal  curve is the  p re sc r ibed  d i s t r ibu t ion  from which the strake w a s  
designed, whereas the other curve is  the three-dimensional potential  f low dis- 
t r ibut ion determined by applying an analysis  method t o  t h e  d e s i g n e d  s t r a k e  i n  
the  presence  of  the  wing and body. An extended version of the VLM of 
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reference  5l  was  used  to  calculate  the  better  distributions for the complete 
configurations.  These  are  more  representative of the  actual  distributions 
developed on the  strakes  and  are  used as an aid in the  analysis. 
These  three  sets of curves  show  that  in  addition  to C1RD-TE  decreasing 
with  Ra,  the  leading-edge  suction  values at the  tip  st  also  decrease  with 
strake  area.  Furthermore,  the  area  under  the s-Tl curves - proportional 
to - decreases with strake area. Interestingly though, each three- 
dimensional  suction  distribution  across  the  inboard  spanwise  region is in
good  agreement  with  its  respective  prescribed  curve. 
The decrease in C~BD-TE and with Ra can be examined in another 
way  if  area  efficiency  is  to  be  considered.  Assume  that  with  Ra = 0, agD-TE 
for  the  strake  vortex is the  same  as  €or  the  wing  leading-edge  vortex  break- 
down,  which  is  approximately 8 O .  With  the  strake  in  place, ~BD-TE is  sig- 
nificantly  increased.  Hence,  the  improvement  in  CXBD-TE  associated  with 
increasing  Ra  will  be  measured  relative  to a = 8O.  With  the  preceding  in 
mind,  a  parameter  g  is  defined  which  relates  the  ratio of change  in  strake 
area  to  the  change  in A~BD-TE results.  Explicitly, 
The  larger  strake  was  chosen  as 
a  basis  because  it  performed 
well. If Ra is reduced, it is 
possible  to  determine  whether 
AaBD-TE  varies  at  the  same  or 
a  different  rate  and  thereby 
establish  a  most  efficient  size. 
Sketch ( 2 )  shows  that AC~BD-TE 
not  only  changes  at  a  rate  dif- 
ferent  than  Ra - if  they  were 
the  same  g  would  equal 1 - 
but  changes at  a  much  slower 
rate so as  to  yield  g > 1. 
This  feature  points  up  that  the 
largest  changes  in AaBD-m 
occur  when  the  smallest  strake 
is  added  to  the  unstraked  wing. 
Hence,  not  only  does  AaBD-TE 
not  decrease at the  rate of Ra 
reduction,  but  it  actually 
decreases  more  slowly. 
2 r  
g o r h  1 
0 .1 .2  .3 - 4  
R a 
Sketch ( 2 )  
lThis  version  utilized  the  side-force  calculation  to  extract  the  leading- 
edge  suction  as  a  means  of  alleviating  a  problem  associated  with  the  leading- 
edge  thrust  computations. 
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Assuming tha t  t he  vo r t ex  s t r eng th  is  r e l a t e d  t o  G, then the impact 
of Ra on  vortex  s t rength may be  determined by examining  the  impact  of Ra 
on % (second  curve  in   sketch ( R ) ) .  The curve  labeled h is def ined   s imi la r ly  
t o  g i n  t h a t  
This  curve shows t h a t  w i t h  Ra decreasing from the value associated with the 
AD 24 s t r a k e ,   t h e   r a t i o   f i r s t   d e c r e a s e s  a t  about   the same r a t e ,  
y i e ld ing  h = 1, whi le   for  R a <  0.15, t h e   r a t i o   d e c r e a s e s  more slowly, 
l e a d i n g   t o  h > 1. Hence, j u s t  as f o r  A c ~ ~ ~ - ~ ~ ,  l a rges t   changes   in   vor tex  
s t rength occur  with the addi t ion of  the smallest s t r a k e  t o  t h e  u n s t r a k e d  wing. 
Thus,   taken  together   oseparately,  AaBD-TE and - although Ra 
dependent - do  not  generally  decrease a t  the  same r a t e  a s  Ra f o r  a f ixed  
s t rake shape.  O r  conversely,  once a s t rake  vor tex  i s  e s t ab l i shed  on a small 
s t r ake ,  i nc reas ing  Ra by a fac tor  of  2 o r  4 w i l l  not  produce a corresponding 
inc rease  in  the  vo r t ex  s t r eng th  o r  i n  AolBD-TE. 
E f f o r t s  t o  f i n d  t h e  most e f f i c i e n t  s t r a k e  a r e a  w i t h  which to  develop a 
high  value  of %D-TE must  acknowledge a p r a c t i c a l  l i m i t  t o  t h e  strake s i z e .  
This  l imitat ion can be be t te r  unders tood  when it i s  r e a l i z e d  t h a t  l a r g e r  a r e a s  
genera l ly  mean more s t r ake  l eng th ,  and tha t  s t r ake  l eng th  i s  a phys ica l ly  con- 
s t ra ining parameter  which  must  be taken into account .  I f  the s t rake contour  
and semispan change with variations in strake length,  then naturally the slen- 
d e r n e s s  r a t i o  w i l l  a l so  vary .  
Figures  25 and 26 show what  happens t o  aBDdTE for   cont ro l led   va lues   o f  
s l e n d e r n e s s  r a t i o  R,, and f o r  v a r i a t i o n s  i n  t h e  a r e a  and  shape. 
Ef fec t   o f   shape . -   S lenderness   ra t io   e f fec ts  on aBD-TE a r e  shown i n  f i g -  
ure  2?for  s t rake  shapes  charac te r ized  by r e f l ex ive  and  gothic  contours. All 
strakes  have an  exposed  semispan r a t i o  Rb of  0.212. The d a t a   a r e   f a i r e d  and 
even  though t h e r e  i s  some s c a t t e r ,  f o r  Rs > 5 the   go th ic   shaped   s t rakes   reach  
l a rge r  ang le s  o f  a t t ack  than  the  r e f l ex ive  s t r akes  be fo re  breakdown o c c u r s  a t  
t he  wing t r a i l i ng  edge .  
Rs f ixed.-  Figure 26 shows the  e f fec t  o f  s t rake  geometry  on the  vor tex  
breakdown p o s i t i o n   f o r  a f ixed  value  of  R,. For  very  small Rs values  
(shown i n  f i g .  2 6 ( a ) ) ,  t h e  g o t h i c  s h a p e  g i v e s  b e t t e r  v o r t e x  breakdown p rope r t i e s  
than   the   smal les t   apex-cut   s t rake .  Note f u r t h e r   t h a t   t h e  st value  of  the 
goth ic  s t rake  ED 13 i s  h ighe r  t han  tha t  fo r  t he  E D  4 although i t s  Ra value 
i s  smal le r .  
It  should be po in ted  ou t  t ha t  C~BD-TE values  of approximately loo o r  less 
a r e  d i f f i c u l t  t o  obtain accurately in  the water  tunnel  because of  the wing 
laminar flow separation and the subsequent displacement of the strake vortex 
occurr ing a t  these  low values of a. 
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Figure  26(b) shows the   e f f ec t   o f  Ra and  shaping  for two gothic  shapes 
with a more moderate  value  of R,. These s t rakes ,  ED 6 and ED 12, which  were 
designed through different  empir ical  means and thereby have shapes which differ, 
do  emphasize  the  importance  of R, and st on ~ B D - T E .  Th i s   f i gu re   a l so  
shows t h a t  i n c r e a s e s  i n  o n e  v a r i a b l e  l e a d  t o  i n c r e a s e s  i n  t h e  o t h e r s  f o r  c e r -  
ta in  groups  of  s t rakes .  This  re la t ionship  w a s  de te rmined  not  to  be  t rue  for  
a l l  s t r ake  shapes ;  t h i s  matter is discussed fur ther  in  appendix B f o r  t h e s e  
s t r akes  and others   having Rs x 5.20. Slenderness and i t s  coupling  with 
leading-edge shaping are taken up next.  
Slenderness Variation/Leading-Edge Shaping 
Figures 20, 27, and 28 a r e  used t o  examine t h e  r e l a t i o n s h i p  between slen- 
derness  variation  and  leading-edge  shaping  and now they  impact CXBD-TE f o r  
Rb f i xed ,  Ra f ixed,   and  as  a funct ion of i n i t i a l   s t r a k e  sweep. 
Rb f ixed.-  In  the design of  f ighter  configurat ions,  the s t rake span may 
be f ixed because of  other  design constraints .  With a f ixed s t rake span,  var ia-  
t i o n s  i n  s t r a k e  a r e a  r e q u i r e d  t o  g e n e r a t e  t h e  d e s i r e d  v o r t e x  l i f t  r e s u l t  i n  
v a r i a t i o n s  i n  s l e n d e r n e s s  r a t i o .  A p a r a m e t r i c  s e r i e s  i l l u s t r a t i n g  t h i s  c o n d i -  
t i o n  i s  shown i n  f i g u r e  20, where the  vor tex  breakdown da ta  and corresponding 
s-n curves  for  th ree  goth ic  s t rakes  of  vary ing  area  and s l e n d e r n e s s  r a t i o  a r e  
displayed.  Once again,  ~ B D - T E  as w e l l  as s t  and  the  area  under  the 
s-q curves  decrease  with  s t rake area. However, these  decreases  may not  be 
a t t r i b u t e d   e n t i r e l y   t o   a r e a   e f f e c t ,   s i n c e  Rs i s  also  changing. 
To bet te r   demonst ra te   the  R, dependence, a performance  comparison is  
made between the  ED 13  and AD 22 s t r akes .  Note how f o r   t h e  ED 13 
s t r ake  o f  f igu re  20 i s  less t h a n  t h a t  f o r  t h e  AD 22 s t r ake  shown i n  f i g u r e  16, 
although the ED 13 strake has a l a r g e r  a r e a .  S i m i l a r  r e s u l t s  a r e  a l s o  shown 
i n  t h e  same two f i g u r e s  f o r  t h e  E D  1 2  and AD 23 strakes.   Furthermore,  agD 
decreases a t  x/(.,), = 1 for  the  th ree  s t r akes  o f  f igu re  20,  whereas  break- 
down a t  x/( = 1 f o r   t h e  AD 2 2 ,  AD 23,  and AD 24 s t r a k e s   i n   f i g u r e  16 
o c c u r s  a t  t h e  same value  of a.  Hence, s l ende rness   r a t io  is shown t o  be an 
important parameter affecting strake performance - the  h igher  va lue  be ing  be t te r .  
Figures 27 and 28  show other   aspec ts   o f   the   e f fec ts   o f  R, on agD-TE a s  
r e l a t ed   t o   f i xed   va lues   o f  Ra and i n i t i a l  s t r a k e  sweep angle ,   respec t ive ly .  
In   t hese   f i gu res ,  Rb and  leading-edge  shaping may a l s o  be va r i ab le s .  
Q f ixed.-   Figures  2 7 ( a )  and   27(b)   p resent   he   e f fec ts   o f  R, and 
shaping  for   s t rakes   having Ra values  of 0.166 (AD 23, ED 18) and  0.325 (AD 24,  
ED 16), respec t ive ly .  These f igu res  show t h a t  t h e  g o t h i c  s t r a k e s  AD 23 
and AD 24 a re  obvious ly  super ior  to  the  empir ica l ly  des igned  s t rakes  used  for  
comparison.  This  serves  to  emphasize  that  the strake shape is an  important 
parameter. 
The s-q i n s e t s  i n  f i g u r e s  2 7 ( a )  and  27(b) show t h a t  t h e  s u c t i o n  d i s t r i -  
but ions reach higher  values  of  s t  and are  more t r i a n g u l a r  f o r  t h e  a n a l y t -  
i ca l ly  des igned  goth ic  s t rakes  than  the  empir ica l ly  des igned  ones .  It would 
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be  expected,  therefore,  from  the  original  correlations  (ref.  2)  that  the  gothic 
strakes  would  promote  vortex  stability  to  higher  angles of attack  and  that  the 
larger  gothic  would  be  a  better  strake,  as  the  water  tunnel  has  shown  and  as 
has  been  noted in this  paper.  While  the  gothic  strakes  are  clearly  better  per- 
formers  than  their  empirically  designed  counterparts,  the  differences  in s-v 
and ~BD-W may  be  larger  than  might  be  expected  because  the  ED 18 and  ED 16 
strakes  are  gothic  in  the  forward  region  followed  by  what  should  be  a  vortex- 
stabilizing  side  edge. 
If  the  more  general  method f  presenting  suction  distribution  is  used,  i.e., 
the  one  that  includes  its  distribution  along  the  side  edge  (see  appendix C), 
then  a  different  result  emerges  as  seen  from  the  s-e/ec  set  of  inserts. 
- - d C  ( s/ 2 ) 'ref That  is, for the s = distribution  determined  for the empir- 
de a2 (b/2) 
ically  designed  strakes,  both  sets  reach  higher  values  at  the  strake-wing 
juncture  and  are  often  higher  nearer  the  apex  than  the  analytically  designed 
strakes.  Furthermore,  even  though  the  addition  of  the  side  edge  is  designed 
to  strengthen  the  vortex,  and  perhaps  alter  the  potential  flow  suction,  the 
suction  distributions  versus  e/ec  for  the  two  empirically  designed  strakes 
appear  to  be  about  the  same.  This  result  is  in  marked  contrast  to  the  vortex 
breakdown  results,  which  show  that  the  ED 16 strake  (the  longer  one)  has  a 
value  of agD-= about 4O higher  than  the  ED 18 strake.  Hence,  the  only 
reliable  measure  of  vortex  stability  from  potential  flow  suction  force  appears 
to be s-q and st. 
Initial  strake  sweep  effect.-  Figure 2% addresses  the  relationship  between 
initial  strake  sweep  angle  and  the  strake  vortex  breakdown  performance  of 
gothic  strakes  with  the  same  semispan. An examination  of  the  results  shows 
that  the  data  themselves  provide  little  in  the  way  of  a  consistent  relationship 
beyond  that  already  known:  those  strakes  with  higher  values  of R, have 
higher  values  of  aBD-TE.  Since  all  the  strakes  in  figure 28 are  analytically 
designed,  are  gothic  in  shape,  and  have  the  same  Rb  value,  it  is  reasonable 
to  assume  that  there  would  be  a  discernible  pattern  of aBD-TE associated  with 
constant  values  of R,. Such  a  pattern  was  inferred  on  the  basis  of  the  data 
points  and  is  shown  in  the  figure.  The  individual  lines  of  the  group  are  drawn 
according  to  their  most  likely  location  and  are  labeled  "Possible  Variation" 
lines.  These  lines  provide  a  means  of  establishing  a  band  around  the  possible 
(aBD-TE)ma,  values.  This  band  indicates  that  for  this  value  of  Rb,  the 
initial  sweep  of  the  strake  should  decrease  with  increasing R, to  achieve  a 
value  of C X ~ ~ - ~ ~  near  its  maximum. 
Thus  far,  the  major  effects  of  area  and  slenderness  coupled  with  the 
inherent  leading-edge  shape  changes  have  been  studied.  On  the  basis  of  the 
preceding  and  in  particular  figure  27(b),  one  may  ask  if  strakes  can  be  designed 
to  have  an  even  higher  value  of C~BD-TE, and  if so, can  such  a  design  be 
accomplished  with  less  area.  This  question  is  addressed  in  the  next  section 
along  with  other  aspects  of  leading-edge  shaping. 
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Leading-Edge Shaping 
This  sec t ion  uses  f igures  29 and 30 t o  h i g h l i g h t  t h e  impact of leading- 
edge  shaping on CIBD-TE €or  both  major  and  minor  shape  changes. 
Major changes.- Although much of the  preceding  d iscuss ion  centered  on 
the  AD 24 s t r a k e ,  t h i s  s e c t i o n  c o n s i d e r s  f o u r  d i f f e r e n t  s t r a k e  d e s i g n s  which 
real ize  comparable  or  bet ter  levels  of  performance than the AD 24 with about 
one-half t o  two- th i rds  i t s  area. Thei r  vor tex  breakdown cha rac t e r i s t i c s  and  
s-Q d i s t r i b u t i o n s  are presented   in   f igure   29 .  Each of   these   s t rakes   has  a 
value  of agD-TE t h a t  s a t i s f i e s  20° 5 agD-TE < - 22O. A s  e-xpected, t he   t r end  
of   increasing i s  cons i s t en t   w i th   e  i nc rease   i nt r ake  area. 
Although two o f  t he  accompanying prescr ibed  s-q d i s t r i b u t i o n s  are not   spec i f -  
i c a l l y  t r i a n g u l a r ,  a l l  four  have high inboard s lopes and reach high levels  of  
suction  near  the  t ip.   Furthermore,   the  three-dimensional s-q curves are very 
similar t o  one   another ,   vary ing   s l igh t ly   in   overa l l   eve l   and  s t  value.  It 
should be noted that  even for  the small 2 O  v a r i a t i o n  i n  agD-TE between t h e  
f o u r   s t r a k e s ,   t h e   i n c r e a s e   i n  st i s  i n  agreement   with  the  increase  in  agD-TE 
and R,. This   cons is ten t   re la t ionship   can   be   seen  more c l e a r l y  by examining 
the  st v a l u e s   i n   f i g u r e  29.  Thus, st appears   to   be  a u s e f u l   f e a t u r e   i n   t h e  
design process .  
One  may possibly reason that  the relat ive performance gains  between these 
fou r  s t r akes  are a r e s u l t  o f  s i g n i f i c a n t  i n c r e a s e s  i n  area and slenderness 
r a t io ,   t hese   f ea tu re s   on ly   be ing   r e f l ec t ed   i n   t he  s-q d i s t r i b u t i o n s .  Thus, 
whether the vortex breakdown performance i s  s e n s i t i v e  t o  small pe r tu rba t ions  
in  s t r ake  con tour  shap ing  has  ye t  t o  be  de t e rmined .  I f  it i s ,  then are t h e  
changes r e f l e c t e d  i n  t h e  s-q d i s t r i b u t i o n   a n d ,   i n   p a r t i c u l a r ,  are  they con- 
s i s t e n t  w i t h  t h e  d e s i g n  c r i t e r i o n  d e s c r i b e d  e a r l i e r ?  
Minor changes.- In an attempt t o  answer these questions,  a comparison i s  
made i n  f i g u r e  30 which i l l u s t r a t e s  t h e  e f f e c t  o f  small contour  changes. The 
vortex breakdown da ta  and  associated s-q d i s t r i b u t i o n s  are p resen ted   fo r  
s t r akes  AD 14 and AD 23,  which  ave the  same values  of Rs and Rb b u t   e r h i b i t  
a small v a r i a t i o n  i n  c o n t o u r .  The ang le s  o f  a t t ack  fo r  vo r t ex  breakdown agD-TE 
f o r   t h e  two s t r a k e s   d i f f e r  by 2 . 5 O ,  although Rs and R b  are f ixed  and  the 
areas d i f f e r  by less than 4 percent .  
The v a r i a t i o n  i n  c o n t o u r  between the  two s t r a k e s  i s  t h e  r e s u l t  o f  t h e  
d i f f e rences  in  the  p re sc r ibed  suc t ion  d i s t r ibu t ions  used  in  the  des ign  p roced-  
u re ;  t he  t r i angu la r  d i s t r ibu t ion  o f  AD 1 4  i s  e x p e c t e d  t o  r e s u l t  i n  a more 
s t a b l e  v o r t e x  t h a n  t h a t  f o r  t h e  t r u n c a t e d  d i s t r i b u t i o n  o f  AD 23. It  w i l l  be 
noted  tha t  the  three-d imens iona l  suc t ion  d is t r ibu t ions  are cons i s t en t  w i th  the  
p r e s c r i b e d  d i s t r i b u t i o n s  i n  t h a t  t h e  d i s t r i b u t i o n  f o r  t h e  AD 14  increases  more 
r a p i d l y  n e a r  t h e  t i p  and reaches a h igher  va lue  than  for  the  AD 23. The experi-  
mental breakdown r e s u l t s  are a l s o  c o n s i s t e n t  i n  t h a t  s t r a k e  AD 1 4  displayed a 
higher  angle  of  a t tack for  vortex breakdown.  Hence, th i s  f igure  demonst ra tes  
t ha t  t he  vo r t ex  breakdown performance of a strake can be improved by making 
small r e f inemen t s  t o  i t s  shape which lead t o  a higher  value of  s t .  
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Other  Factors  Affecting ~BD-TE 
~ . .  . . ~  
AcP Specification 
Strakes AD 19 and AD 9 in figwe 31 demonstrate  the  effects  of  modeling 
the  spanwise  ACp  distribution.  The  polynomial  form of ACp  for  the AD 9 
results  in  a  reduction  of CXBD-TE but  adds  stability  to  the  vortex.  system  by 
lowering  the  rate  of  breakdown  progression  over  the  wing.  By  contrast,  the 
constant  ACP  distribution  leads  to  a  higher  aBD-TE  than  that  of  the  poly- 
nomial  form. It should  be  noted  that  the  analytical  strakes  which  performed 
best  have  the  constant  ACp  specification. 
Empirical  Modifications 
This  section  uses  figures 32 and  21  to  examine  the  impact  of  major  and 
minor  empirical  modifications  of  a  strake on the a g ~  characteristics. 
Major  changes.-  Figure  32(a)  presents  the  vortex  breakdown  characteristics 
across  the  wing  trailing  edge  for  those  strakes  which  are  chordwise  variations 
of  the  AD  24.  The  spanwise cut  series,  ED 9 to  ED 11, yields  an  improvement 
in  performance  over  the  original  AD  24,  although  the  benefits  are  limited  to 
small  chord  reductions.  However,  these small chord  changes  do  lead  to  area 
reductions  which  are  sizable  (fig.  32(b)). Overal1, thetrai l ing-edge cut  series 
shown,  ED 5 to  ED 7, offers  a  more  favorable  technique  €or  reducing  the  chord 
of  an  existing  gothic  strake  while  maximizing  the  vortex  breakdown  angle  at  the 
wing  trailing  edge. 
Minor  changes.-  Figure  21  presents ~BD-TE for  the  snagged  strakes. 
These  variations  of  the  smallest  chordwise  scaled  strake  show  that  using  a  snag 
in  the  leading  edge  leads  to  a  2O  to  3O  improvement  in a g D - ~ .  Ahead  of  the 
trailing  edge,  the  ED 15 shows  only  a  slight  improvement,  whereas  the  ED 14
shows  a  reduction  in  strake  performance  in  comparison  to  the  ED 13. This 
indicates  that  if  a  snag  is  to  be  added  to  a  strake,  the  more  outboard  loca- 
tions  are  preferable. 
CONCLUDING REMARKS 
This  paper  has  described  a  water-tunnel  study  of  the  vortex  breakdown 
characteristics  of  43  analytically  and  empirically  designed  vortex  strakes 
tested  in  combination  with  a  moderate-aspect-ratio  trapezoidal  wing-body.  The 
analytic  strake  designs  were  based on a  series  of  prescribed  leading-edge  suc- 
tion  distributions  used  in  combination  with  a  simplified  flow  which  is  related 
to  three-dimensional  potential  flow  through  certain  simplifying  assumptions. 
These  prescribed  suction  distributions  considered  the  general  observation  made 
in  an earlier  delta-wing  study,  in  that  a  relationship  was  shown  to  exist 
between  increasing  suction  toward  the  tip  and  improved  vortex  stability.  This 
relationship  was  the  design  criterion,  and  the  designed  strakes  employed  here 
were  hypothesized  to  exhibit  a  similar  behavior. 
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A wide range of strake sizes and slenderness ratios were invest igated,  and 
t h i s  s t u d y  p r e s e n t s  an extensive data base which may be  of  ass i s tance  in  the  
preliminary phase of maneuvering-aircraft  strake design. The e f f e c t s  of t h e  
major  design parameters, i .e.,  size, span, slenderness, and leading-edge 
shaping, on the vortex breakdown c h a r a c t e r i s t i c s  a r e  documented and analyzed 
i n  r e l a t i o n  t o  the leading-edge suct ion dis t r ibut ions.  The ensuing analysis  
not  only confirms that  increasing area and slenderness are important ways t o  
increase  the  vor tex  breakdown angle ,  bu t  tha t  wi th  proper leading-edge gothic 
shaping it is p o s s i b l e  t o  o b t a i n  t h e  same, o r  an even higher breakdown angle  
using about one-half  to two-thirds the area of  a l a r g e r  g o t h i c  s t r a k e .  I n  
addi t ion ,  it w a s  no ted  tha t ,  cons i s t en t  w i th  the  des ign  c r i t e r ion ,  t hose  
strakes with leading-edge suction distributions which increase more r ap id ly  
n e a r  t h e  t i p  t o  a higher value generally produce a more s tab le  vor tex .  
Langley Research Center 
National Aeronautics and Space Administration 
Hampton, VA 23665 
May 2 2 ,  1980 
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BASIC  EQUATIONS  USED IN STRAKE  SHAPE  DEVELOPMENT 
Starting  with  an  attached-flow  pressure  distribution  given  by 
This  equation  relates  suction  distribution  to  the  coefficient of the cot(g) 
term, and  from  this  relationship,  the  local  leading-edge  sweep  angle Ag(nf, 
and  the  chord  c  can  be  expressed  in  terms of each  other.  Another  equation  in 
which Ag(n) and  c  appear  together  is  the  simple  geometrical  realtionship 
r7 
c = c - (tan fig(?) - tan At) d!
r 2 0  
However,  to  obtain  a  solution,  some  assumptions  will  be  needed  with  regard  to 
- csc q, ( e,u) 
a2 
and a . For  example,  the  correlation  between  suction  distributions 
which  peak  toward  the  tip  and  the  resulting  large  values of aBD-TE could  be 
used.  This  can  be  done  by  assuming  that 
c c  
= (a1 + bin) 7 b 
a 2 
and 
s =" csc - al + bln 
a2b 
2 
The  second  assumption  would  be  that  since  the  planar  strakes  are  designed 
to  produce  separated  flow  with  reattachment - i.e.,  vortex  flow - the  associ- 
ated  leading-edge  pressures  must  conceptually,  as  well  as  in  reality,  exceed 
an  unspecified  local  limiting  value  beginning  at  some  small  angle  of  attack. 
This  means  that  €or  the  attached-flow  pressure  distribution,  the  region  of 
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interest  is  near  the  leading  edge, i.e., where 8 and x'/c are  small. 
Hence,  one  approximation  is  to  set 
" n 
with  e  assumption  that = - = L a a 
If an additional  assumption2  is  made  that 
2a limit 
across  the  span  (see  fig. 3 )  
AC ( e m  
= Constant = Co 
a 
at  constant 8 or x'/c, which  means  that  the  sectional  lift  contribution  from 
the  cot  (8/2)  term  is  constant,  then 
The  preceding  discussion  implies  that  if  the  flow  separates  anywhere,  it 
separates  everywhere  simultaneously.  These  assumptions  given  previously  and 
those  summarized  in  figure 3 are  used to go  from  a  three-dimensional  potential 
flow  to  a  related  flow, on a  planar  surface,  in  which  the  solution  is  to  be 
made.  This  is  done  in  order  to  determine  the  analytic  relationship  between  the 
suction  prescription  and  the  resulting  geometry. 
Putting  all  the  assumptions  together  yields 
where 
20ther  assumptions  concerning  ACp (8 , q ) /a  and 8 could  be  made. For 
example,  AC (8,n)/a could  take on a  three-dimensional  variation  at 
constant 0 .  
P 
26 
APPENDIX A 
At q = 0, the  initial  sweep of the  strake  can  be  determined  by 
For q > 0, A,(Q) can  be  solved  by  iteration  from  the  following  initial 
value  problem: 
This  solution  has  been  coded  for  the  Control  Data 6000 series  digital  computer 
and  typically  executes  in  less  than  2  seconds  for  a  single  set of parameters. 
It should  be  noted  that a has, in  general,  to  satisfy  the  inequality 
in  order  for AR(q=0) to  be  determinable.  (See  eq. (Ai).) 
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ANOMALIES I N  RELATING C~BD-TE TO S t  
This  appendix  presents two spec i f ic  anomal ies  of  the  Cigg-~~ da ta  and  i t s  
re la t ionship  wi th  s t  as determined  from  an  examination  of  the  data. 
Figure 33 repeats vortex breakdown c h a r a c t e r i s t i c s  o f  t h e  ED 6 and ED 1 2  
s t r akes  shown in f igure 26(b)  and adds the corresponding data  for  the ED 2 
and Strake I11 configurat ions.  It w i l l  be noted that the only geometric 
quan t i ty  the  fou r  s t r akes  have  in  common i s  Rs, which i s  approximately  5.2. 
Comparison of t h e  ED 2 and ED 1 2  d a t a  i n  f i g u r e  33 i n d i c a t e s  t h a t  t h e  E D  1 2  
goth ic  s t rake  is  a bet ter  performer with a smaller  area, j u s t  as no ted  in  the  
d iscuss ion  of  f igure  26(a) .  However, un l ike  the  s t r akes  of f i g u r e  2 6 ( a ) ,  t h e s e  
t w o  s t r akes  do  not  demonstrate  increasing st with O~BD-TE, b u t   j u s t   t h e  
opposite.  
The f i r s t  anomaly seems t o  p o i n t  o u t  t h a t  n o t  o n l y  s t  is  important  but  
a l s o   t h e   d i s t r i b u t i o n .  To exp lo re   t h i s  anomaly fur ther ,   cons ider   us ing   as  
a weighted  value  of s-ll. Since the ED 2 s t r a k e  i s  a par t  of  the  apex-cut 
family, a graph  has  been  prepared  (fig. 34) which shows h, CXBD-TE, and st 
as a function  of Ra. These same parameters are also shown on a companion 
chart  for the trailmg-edge cut family because they demonstrated the usual 
r e l a t ionsh ip  between CXBD-TE and st.  The difference  between  the two types 
is s t r i k i n g  i n  that for  the  t ra i l ing-edge  cu t  fami ly  a l l  three parameters  
bas ica l ly   decrease   wi th  Ra, whereas  only K, and %D-TE decrease  over much 
of the  Ra range  €or  the  apex-cut series. Th i s   s ays   t ha t  what  happens a t  t h e  
t i p  is  impor tan t ,  bu t  i f  the  lead ing-edge  suc t ion  is  low inboard and kept low 
because the inboard sweep i s  held constant ,  then the overal l  performance 
%,-,E o f  the  s t rake  w i l l  be  reduced. 
The second anomaly is  noted by comparing the data of Strake I11 t o  t h o s e  
of the others ;   a l though it has  one  of  the  lowest s t  values ,   Strake I11 has 
a r e l a t ive ly   h igh   va lue   o f  and i t s  CLBD-TE is  the   h ighes t  of the   s t r akes  
t e s t ed .  Fu r the r  no te  tha t  i t s  area  is  no t  t he  l a rges t  o f  t hose  t e s t ed  e i the r ,  
though i ts  semispan is. Apart  f rom these geometr ical  dis t inct ions the most 
obvious  one i s  i ts  leading-edge  shape.  Since many o f  t he  s t r akes  t e s t ed  were 
go th ic  o r  empirical devia t ions  from a goth ic ,  addi t iona l  s tudy  is  needed f o r  
s t rakes  having shapes associated with Strake I11 because of i t s  good perform- 
ance ,   e f f ic ien t   a rea   usage ,  and the  O1BD-m versus  st anomaly it possesses 
wi th  r e spec t  t o  the  go th ic  s t r akes .  
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SUCTION  DISTRIBUTIONS 
The s u c t i o n  d i s t r i b u t i o n s  t h a t  have been presented i n  past s tudies  have 
been of the  form 
streamwise edges. However, f o r  A& = 90°, the  preceding  suction  parameter i s  
no longer  appropr ia te ;  the  more general one might be used. To deve lop  th i s  
more general  parameter,  it is  necessa ry  to  examine the  th rus t  fo rce  a long  the  
edge.  For  example,   along  the  leading  edge  of  the  strake 
CSC 
(b/2 1 
which is ent i re ly  adequate  for  s t rakes  wi thout  
and so 
dCT Sref = ~ C , C  COS flg(y) dy 
o r  
From reference 10 
o r  
dCT - dCs 
dy de 
"__ 
and 
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Note that  from sketch (m) , dCy  gooSref = 7 dCS %Sref s i n  AJ,(Y) 1 1 
Sketch (m) 
From sketch (n)  it i s  determined that  
dy 5 de cos AQ(y) 
and 
dx E de  s in  AQ(y) 
Therefore,  combining the preceding yields 
dCs - dCT - dCY 
de dy dx 
__ - -.- - 
Thus, a more general  form t h a t  i s  appl i -  
cable   for   AQ(y)  <_ 90° i s  j u s t  
dT/2 
Sketch  (n) 
This form i s  u t i l i z e d  i n  t h e  i n s e r t s  i n  f i g u r e s  2 7 ( a )  and 2 7 ( b ) .  
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TABLE 1.- PERTINENT GEOMETRIC PROPERTIES OF ANALYTICALLY 
Strake 
designation 
AD1 
A D 2  
AD3 
A D 4  
AD 5 
AD6 
A D 7  
AD8 
AD9 
AD 10 
AD 11 
AD 12  
AD 13 
AD 1 4  
AD 1 5  
AD 16 
AD 1 7  
AD 18 
AD 1 9  
AD 20 
AD 2 1  
AD 22 
AD 2 3  
AD 24 
- ~- 
DESIGNED  STRAKES 
Ag ( ~ 0 )  r 
de9 
76.76  
83 .55  
77 .14  
83 .75  
72.06 
71 .29  
6 9 . 0 1  
80 .70  
75 .10  
7 9 . 4 1  
73 .29  
73 .43  
77 .19  
46 .18  
63 .65  
65 .52  
70 .78  
74 .54  
56 .80  
66 .14  
69 .97  
60 .65  
60 .65  
60.65 
-~ 
Rs 
4.92  
6 . 5 1  
5 .33  
7 .04  
3 .94  
3 .55  
4 .99  
5.76 
10 .65  
5 . 9 1  
3 .56  
3 . 0 1  
8.69 
6 .99  
5 .92  
5 .29  
7 .77  
4 .98  
8 . 5 0  
5.07 
4 .65  
7.00 
7 .00  
7.00 
Rb 
0 .212  
.212  
.212  
.212  
.212  
. 2   1 2  
- 2  1 2  
. 2  1 2  
.197  
.212  
* 2 12  
. 2   1 2  
.212 
.212  
. 2   1 2  
. 2   1 2  
- 2   1 2  
- 2  1 2  
.212 
.212  
- 2 1 2  
- 1 4 4  
. 2   1 2  
.297  
Ra 
0.100 
. l o o  
.110 
.112 
.079  
.070  
- 1 2 6  
.108 
.183 
.112 
.066  
.038  
.199  
.172 
.140 
.123  
-185 
.103 
.205  
.127  
.092 
- 0 7 7  
.166 
.325  
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TABLE 11.- BASIC DATA Pl?ESENTATION AND PERTINENT  SUCTION AND 
Basic d a t a  
- 
Fig .  
9 
9 
9 
9 
10 
10 
11 
11 
1 2  
1 2  
13 
10 
14 
14 
15 
15 
15 
10  
1 2  
1 2  
13 
16 
16 
16 
Strakc 
desig. 
n a t i o ~  
AD1 
AD. 2 
AD3 
AD4 
AD5 
AD6 
AD7 
AD8 
AD9 
AD 10 
AD 11 
AD 1 2  
AD 13 
AD 14 
AD 15 
AD 16 
4D 17 
4D 18 
4D 19 
4D 20 
4D 2 1  
4D 22 
lI3 23 
4D 24 
PRESSURE  CHARACTERISTICS 
8 
8 
8 
8 
10 
10  
11 
11 
1 2  
1 2  
13 
10  
3 
3 
5 
4 
6 
10 
1 2  
1 2  
13  
1 
1 
1 
Suc t ion  d i s t r ibu t ion  p resc r ip t ions  
I n i t i a l  
value,  
al 
1 2  
1 2  
14 
14 
5 
4 
5 
5 
4 
4 
5 
4 
25 
2 
4 
4 
10 
9 
4 
4 
5 
4 
4 
4 
I n i t i a .  
s lope,  
b l  
-15 
-15 
-15 
-15 
-5 
-5 
-5 
-5 
LO 1 
0 
-8 
-5 
48 
48 
20 
9.23 
48 
-5 
-0 1 
0 
6 
48 
4 8  
48 
Suction 
break, 
rl" I 
f rac t io l  
of b/2 
0.65 
.65 
.65 
.65 
-65 
.65 
-65 
.65 
-65 
.65 
-50 
.65 
.65 
.65 
.90 
.65 
1.00 
.65 
.65 
.65 
.50 
.65 
.65 
.65 
Outboarc 
s lope  
48 
48 
48 
48 
23.6 
23.6 
166 
166 
-51 
137 
8 
- 2 . 1  
-12 
53.7 
380 
48 ""_ 
23.6 
-51 
137 
-6 
0 
0 
0 
T i p  
value 
St 
19.05 
19.05 
21.05 
21.05 
10  
9 
60 
50 
52 
52 
5 
0.0 
52 
52 
30 
26.8 
58 
L4 
52 
52 
5 
35.2 
$5.2 
$5.2 
Pressure 
s p e c i f i c a t i o n  
Constant 
Polynomial 
Constant 
Polynomial 
Constant 
i 
i 
Polynomial 
Constant 
'I 
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TABLE 111.- PERTINENT GEOMETRIC PROPERTIES OF EMPIRICALLY DESIGNED  STRAKES 
Strake 
designat ion 
AD 24 
ED 1 
ED 2 
ED 3 
ED 4 
ED 5 
ED 6 
ED 7 
ED 8 
ED 9 
ED 10 
ED 11 
." . . ~ 
ED 12 
ED 1 3  
~ _ _ _ _ _ _ _ _  
" 
ED 1 4  
ED 15 
~ ~. 
ED 1 6  
ED 17 
ED 18 
Strake  I11 
( r e f .  9)  
60.65 
60.00 
60.00 
60.00 
60.00 
60.65 
60.65 
60.65 
60.65 
73.32 
77.57 
80.12 
56.89 
50.42 
~~ 
50  -42 
50.42 
50.42 
50.42 
50.42 
80.35 
RS 
7.00 
6.10 
5.19 
3.98 
2.77 
5.83 
5.22 
4.53 
3.65 
7.79 
8.62 
9.59 
5.18 
2.78 
2.78 
2.78 
~~ 
5.63 
4.64 
3.63 
5.18 
Rb 
0.297 
0.297 
.297 
.297 
.297 
0.262 
.226 
.181 
119 
0.253 
-208 
.163 
0.297 
.297 
0 -297 
.297 
~~ 
0.297 
.297 
.297 
0.353 
R a  
0.325 
0.305 
.266 
.195 
.114 
0.188 
-124 
.065 
.021 
0.259 
-192 
.131 
0.227 
.098 
0.078 
.076 
0.325 
.246 
.166 
0.267 
Chord 
modification 
(a) 
Removal of apex 
region 
Removal o f  t r a i l i ng -  
edge region 
Removal of inboard 
edge region 
Chordwise sca l ing  
Chordwise extension 
(snag) on ED 1 3  
s t r a k e  
Addition of s ide-  
edge/ t ra i l ing-  
edge area t o  
ED 13 strake 
(b)  
aAnalyt ical ly  designed s t rake from which empir ical  var ia t ions are  made. 
bNot an empir ical  var ia t ion of  the AD 24 s t r a k e .  
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t 
Figure 1.- Photograph of vortex f low generated by highly swept maneuver 
s t r akes  on  the General Dynamics YF-16 l i gh twe igh t  f igh te r ,  from 
Aviation Week and  Space  Technology,  June 1 6 ,  1975, p. 23. (Copyright 
Aviation Week and Space Technology, repr inted with permission.)  
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L-80-149 
Figure 2.- Water-tunnel  flow-field  visualization 
of 44O leading-edge-sweep  trapezoidal  wing  in 
forward  position. c1 = 20°. 
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W co 
AC  SPECIF ICATIONS 
P 
AC 
"RELATED  FLOW" ASSUMPTIONS 
0 ONLY  CONCERNED  WITH FLOW NEAR  LE 
0 ONLY COT ( e m  CHORD LOAD USED 
AC  SPECIF IED  SPANWISE 
P 
0 SHARP  LEADING-EDGE  SIMULATION 
0 NO PHYSICAL OR INDUCED CAMBER ALLOWED O ' I  
A C  POLYNOMIAL AC 
OTHER ASSUMPTIONS 
0 TRIANGULAR  SUCTION  DISTRIBUTION-PRESCRIBED 
0 PERFORMANCE: I SOLATED  STRAKE  (R. F.) -STRAKE- 
P 
WING-BODY  (3-D  FLOW) 1 
O ' I  
Figure 3.- Features of isolated strake design process. 
80 
60 
s 40 
20 
0 
WING 
EFFECT 
I 
- 3-D I UPWASH 
- 
I n 
Y 
Y A  / 
I 
. 2  . 4  .6  .8 1.0 
rl 
3-D 
FLOW 
Figure 4.- Effect of flow-field and aerodynamic components on AD 23  s t r a k e  
suc t ion  d i s t r ibu t ion .  
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AD 3 
r - I  
b I 
A D  4 
P4 ~ 
AD 9 
I-P 
r AD 101 
A D  5 
6 a A D  11 
A D  
A D  6 AD 12 0 12 o r l 1  
C 0 1 d c  O r l l  
C - CONSTANT AC c c  
P - POLYNOMIAL AC 
P s S =  
P &b/2) s 
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Figure 5.- Analytically and empirically designed strakes. 
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Figure 5.- Continued. 
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Figure 5.- Concluded. 
Figure 6.- Strake I11 of reference 9. Dimensions are i n  cm ( i n . ) .  
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Figure 7.- Drawing  of  water-tunnel  wing-fuselage  model  with  wing in forward  position.  Aft  wing 
position is 2.21  cm (0 .87  in.) rearward. Dimensions  are  in cm (in.) unless  otherwise noted. 
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Figure 8.- Northrop 16- by 24-inch Diagnostic Water Tunnel. 
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vortex patterns  at a = 20 . 0 
Figure 9.- Water-tunnel  photographs  and  strake  vortex  breakdown 
characteristics for strakes  analytically  designed,  group 8. 
46 
2.0 
1.8 
1.6 
1.4 
1.2 
x 1.0 
_I 
(cr’w 
.8 
.6 
.4 
.2 
0 
10 15 20 25 30 35 40  45 
a 3 deg 
(b) Strake vortex  breakdown position. 
st rake 
Figure 9.- Concluded. 
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(a) Strake and wing vo r t ex  pa t t e rns  a t  a = 20°. 
Figure 10.- Water-tunnel photographs and strake vortex breakdown 
character is t ics  €or  s t rakes  analyt ical ly  designed,  group 10. 
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(b) Strake vortex breakdown pos i t i on .  
Figure 10.- Concluded. 
49 
I 
& 
A D  8 
L-80-153 
(a) Strake and wing vortex patterns at a = 20°. 
Figure 11.- Water-tunnel photographs  and  strake  vortex  breakdown 
characteristics  €or  strakes  analytically  designed,  group 11. 
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(b) Strake vortex breakdown pos i t i on .  
Figure 11.- Concluded. 
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(a) Strake and wing vo r t ex  pa t t e rns  a t  a = 20°. 
Figure 12.- Water-tunnel photographs and strake vortex breakdown 
character is t ics  €or  s t rakes  analyt ical ly  designed,  group 12 .  
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(b)  Strake vortex breakdown position. 
Figure 12.- Concluded. 
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(a) Strake and wing vortex patterns at a = ZOO. 
Figure 1 3 . -  Water-tunnel photographs and strake vortex breakdown 
characteristics for strakes analytically designed, group 13. 
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(b) Strake vortex breakdown posi t ion.  
Figure $3 . -  Concluded. 
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(a)  Strake  and  wing  vortex patterns at a = 20°. 
Figure 14.- Water-tunnel  photographs and strake  vortex  breakdown 
characteristics  for  strakes  analytically  designed,  group 3. 
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Figure 14.- Concluded. 
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(a)  S t rake  and  wing vo r t ex  pa t t e rns  a t  c1 = 20°. 
Figure 15.- water-tunnel photographs and strake vortex breakdown c h a r a c t e r i s t i c s  
€or  s t rakes  analyt ical ly  designed,  groups 4 ,  5 ,  and 6. 
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(b) Strake  vortex  breakdown  position. 
Figure 15.- Concluded. 
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Figure 16.- Water-tunnel photographs and strake vortex breakdown 
character is t ics  of area scaled strakes, based on or ig ina l  
suction distribution. 
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(b) Strake  vortex  breakdown  position and suction distribution. 
Figure 16.- Concluded. 
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(a)  Strake and wing vortex pat terns  a t  a = Zoo. 
Figure 17 . -  Water-tunnel photographs and strake vortex breakdown 
charac te r i s t ics  of apex-cut strakes. 
6 2  
2.4 
2.2 
2.0 
1.8 
1.6 
1.4 
x 1.2 
(c r 'w 
1.0 
. 8  
. 6  
. 4  
. 2  
0 
5 
I 
10 15 20 25 30 35 40 
a, deg 
in te r io r  l ines  show 
the leading edge of 
the strake after a 
par t i cu la r  apex cut 
(b) Strake vortex breakdown posi t ion.  
Figure 17.- Concluded. 
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(a) Strake and wing  vortex patterns at a = 20°. 
Figure 18.- Water-tunnel  photographs and strake  vortex  breakdown 
characteristics of trailing-edge cut strakes. 
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(b)  Strake  vortex  breakdown position. 
Figure 18.- Concluded. 
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(a)  Strake and wing  vortex  patterns at (31 = 20°. 
Figure 19.- Water-tunnel photographs  and  strake  vortex  breakdown 
characteristics of spanwise  cut strakes. 
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(b) Strake vortex  breakdown position. 
Figure 19.- Concluded. 
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(a)  Strake and wing  vortex  patterns at a = Zoo. 
Figure 20.- Water-tunnel photographs  and  strake  vortex  breakdown 
characteristics of chordwise  scaled strakes. 
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(b) Strake  vortex  breakdown position and suction distribution. 
Figure 20.- Concluded. 
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(a) Strake and  wing vor tex  pa t te rns  a t  a = 20°. 
Figure 21.- Water-tunnel photographs and strake vortex breakdown 
cha rac t e r i s t i c s  €o r  snagged strakes. 
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(b) Strake  vortex  breakdown position. 
Figure 21.- Concluded. 
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(a) Strake and wing vo r t ex  pa t t e rns  a t  a = 20°. 
Figure 22.-  Water-tunnel photographs and strake vortex breakdown 
cha rac t e r i s t i c s  fo r  s ide -edge  s t r akes .  
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Figure 22.- Concluded. 
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(a) Strake and wing vortex pat terns  a t  a = 20°. 
Figure 23.-  Water-tunnel photographs and strake vortex breakdown 
cha rac t e r i s t i c s  fo r  S t r ake  I11 of reference 9. 
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(b) Strake  vortex breakdown position. 
Figure 23.- Concluded. 
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(a) Rb e f f e c t   f o r   g o t h i c   s t r a k e s .  
Figure 24.-  Var ia t ion  of aBD-TE with Ra. 
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(b) Reflexive strakes. 
Figure 24.- Concluded. 
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Figure 25.- Effect of s t rake shape on a ~ ~ - ~ ~  versus Rs. Rb = 0.212. 
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Figure 26.- Concluded. 
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Figure 27.- Effect of strake geometry on vortex breakdown and suction 
for  f ixed area .  
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Figure 27.-  Concluded. 
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Figure 28.- Effect of R, on agD-TE versus Ag(Tl=O) for gothic strakes. Rb = 0.212. 
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Figure 30.- Effect  of  small shape variation on vortex breakdown and suct ion.  
Rs = 7.00; Rb = 0.212. 
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Figure 31.- E f fec t  of p re s su re  spec i f i ca t ion  on vortex breakdown and suction. 
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Figure 32.- Summary of trailing-edge breakdown  angle for  the various  chord 
modification techniques. 
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Figure 32.- Concluded. 
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Figure 33.- Anomalies in  the relationship  between St and ~ B D - T E  
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Figure 34.- Parameters  associated with  two chord  modification techniques. 
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